A measurement technique using the swept-frequency eddy current ͑SFEC͒ method for determining the thickness, conductivity, and permeability of metallic coatings on metal substrates for the case when either coating, substrate, or both are magnetic was developed. This technique involved using the empirically determined permeability of the metals as input to the model calculation. This technique is demonstrated for nickel layers ͑25-200 m͒ over copper substrates, copper layers ͑25-200 m͒ over nickel substrates, and zinc layers ͑50-400 m͒ over steel substrates. The electrical impedance was measured for air-core coils in the presence and absence of the layer using a 4194A Hewlett-Packard impedance analyzer. An analytic closed-form solution for calculating the impedance of a cylindrical air-core probe over a layered metallic half-space is presented. The determination of coating thickness and conductivity and permeability of the metals is based on the comparison of the data taken with air-core coils and theoretical calculation that using the closed-form solution developed. Most of the cases studied show experiment and theory agreeing fairly well, within 10%, with no adjustable parameters. The physical phenomena of eddy currents interaction with the coated magnetic metals are also discussed.
I. INTRODUCTION
Coatings and surface treatments find a wide range of technological applications. These treatments can provide wear resistance, oxidation and corrosion protection, electrical contact or isolation and thermal insulation. The ability to determine the thickness of metal coatings is important for both process control and in-service part inspection. Presently ultrasonic, thermal, and eddy current inspection methods are used, depending on the circumstances. A number of commercial instruments for determining the thickness of nonconducting coatings on metal substrates are based on the fact that the impedance change in the coil decreases exponentially with the distance of the coil from the metal ͑the lift-off effect͒. However, these instruments are not suitable for determining the thickness of metal layers on conductive substrates.
Recently Moulder, Uzal, and Rose 1 developed a sweptfrequency eddy current technique for determining the thickness and the conductivity of a conducting layer over a metal substrate of known conductivity. Their approach was based on an absolute measurement comparison to an exact solution for the impedance of an air-cored coil over a layered metal using the method of Cheng 2 and Dodd and Deeds. 3 No calibration specimens were either required or used. The approach of Moulder et al. provided good estimates for both the thickness and conductivity. Sethuraman and Rose 4 developed a more rapid ͑several seconds on the same processor͒ solution that was based on isolating three characteristic features of the frequency-domain response and then relating the thickness and conductivity to these features. Tai, Rose and Moulder 5 developed a transient eddy current method that can determine the thickness and the conductivity of a conducting layer over a metal substrate of known conductivity. A rapid inversion method, based on a look-up table, was developed to determine the thickness and conductivity.
Previous studies were restricted to nonmagnetic metals. In this study, we developed a measurement technique using the swept-frequency eddy current method for determining the thickness, conductivity, and permeability of metallic coatings on metal substrates for the case when either the coating, substrate, or both are magnetic. This method involves using the empirically determined permeability of the material as input to the model calculation. We demonstrated this technique for copper layers over nickel substrates, nickel layers over copper substrates, and zinc layers over steel substrates.
The organization of this paper is as follows. In Sec. II, we review and develop the theory needed to describe frequency-domain impedance for the swept-frequency eddy current method. Next we describe the experimental setup and measurements in Sec. III. Results are described and theory and experiment are compared in Sec. IV. Discussions and conclusions are also presented in this section. Figure 1͑a͒ shows a schematic diagram of the model under study. The conductivity and permeability of the layer is denoted by 1 Table I and Fig. 1͑b͒ for the parameters and geometry of the coils used in this study. Cheng, Dodd and Deeds 6 provided analytical solutions for coils near stratified conductors. We present these solutions in an alternative form for the case of a layer of metal on a thick substrate plate, where the thickness of the plate is always many times greater than the skin depth. In the theoretical calculations we approximated the thick plate as a semi-infinite half-space. The coil impedance above a magnetic, single-layered half-space is determined using
II. THEORY
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where
In the above expressions, J 1 is a Bessel function of first kind and first order, 0 is the permeability of free space, and denotes the angular frequency. The coil impedance above a reference half-space is determined using
ͬͮ d␣.
͑7͒
We measured the coil impedance for a coil above a single layered half-space and the half-space of the base material. The impedance difference, ⌬Z, for these two cases is reported,
͑8͒

III. EXPERIMENTAL SETUP AND MEASUREMENTS
The frequency-dependent impedance change induced in a small air-core coil placed next to the sample's surface was inferred by measuring the impedance change with a 4194A Hewlett-Packard impedance analyzer. Measurements were made at 400 equally spaced frequencies in the range from 1 kHz to 1 MHz. The measurement process and the coil are shown schematically in Figs. 1͑a͒ and 1͑b͒ . The impedance of the coil was measured above a half-space first, to obtain a value Z HSP () at each frequency. The coil was placed on the single layered metal surface next and the impedance Z L () was measured again over the same frequency range. The uncorrected impedance change ⌬Z()ϭZ L ()ϪZ HSP () was then calculated. Measurements were made and recorded using an eddy current workstation, shown schematically in Fig. 2 . This workstation consisted of a personal computer that controls the impedance analyzer and a fixture that holds the coil in firm contact with the sample. Two precision-wound and nearly right cylindrical coils were used as probes. The coil measurement parameters are given in Table I . The coil resistance will be canceled when the impedance difference is calculated. This value is crucial for calculating the current difference in the time domain, since the admittance difference, ⌬Y , is used in this case. At sufficiently high frequencies the effects of stray capacitance become significant, and the measurement circuit resonates.
The measured impedance changes will be compared with the theory of Cheng, Dodd and Deeds, 6 which idealizes the measurement system by assuming that the coil capacitance is zero. For a broad range of frequencies, this is a reasonable approximation. However, we found that the data were slightly altered ͑on the order of 10%͒ by the capacitance ͑and the resulting resonance͒ for the highest frequencies measured. At high frequencies, the current is coupled capacitively between the turns in the coil, tending to flow across the loops of the wire, rather than through them. In practice, any real coil exhibits self-capacitance and resistance as well as additional capacitance associated with the leads. These deviations from ideal behavior must be taken into account if good agreement between theory and experiment is to be obtained at high frequencies. Consequently, we corrected the impedance changes for the effects of stray capacitance by following a procedure recently introduced by Harrison et al. 7 Harrison et al. introduced the equivalent electrical circuit, shown in Fig. 3 , to model the coil's behavior. Here, R 0 and L 0 are the direct current ͑dc͒ resistance and inductance of the coil, respectively. Z C is the reflected impedance due to eddy current induction in any neighboring conductors. R S and C S represent the resistance and self-capacitance, and C L represents the lead capacitance. The unspecified network, RC, represents all other behavior. All of these elements were lumped together for convenience into a single parallel network Z P . The presence of the parallel circuit, Z P , results in deviations in the coil's impedance from the zero-capacitance value by an amount that increases with frequency and ultimately leads to coil resonance at a resonant frequency f R .
The approach of Harrison et al. uses the equivalent circuit to estimate how much the signal has been altered by the capacitance effects, and then subtracts this change from the measured data. The result is an approximation of the zerocapacitance theory of Cheng, Dodd and Deeds. The impedance data were corrected in the following way. The coil impedance Z A was measured in air over the selected frequency range. The dc resistance and inductance values, R 0 and L 0 , were determined from the low-frequency limit and used to calculate the ideal admittance,
This was subtracted from the admittance in air (Y A ) to give the admittance of the equivalent parallel network, Y P ϭY A ϪY 0 . Next, we estimated the reference signal as follows. First, the impedance Z U was measured over an unflawed region of the test specimen. Second, the ideal admittance of the parallel circuit was subtracted from the admittance Y U (ϭ1/Z U ) to give the corrected impedance
The corrected impedance change for the reference sample was obtained from
The impedance difference due to the presence of a defect, flaw, or any change in the sample was corrected using the same logic. We used
where Y D is the admittance measured in the presence of the defect. The effect is to substantially cancel out the effects of stray capacitance and the resulting resonance. All measurements reported in this paper are for the corrected quantities. The method we used to determine the permeability of metals was based on comparing the theoretical estimations to the practical measurements using the swept-frequency eddy current method. This arises from the complexities of the interaction between the coil impedance and magnetic metals. If the material is conducting and magnetic ͑i.e., Ͼ0, r Ͼ1) ͑such as nickel, iron, steel and cobalt͒, the exciting coil's reactance changes in a different way than with nonmagnetic test materials. The flux lines within the magnetic material find portions of their path in such material to have far less reluctance than air. This means that the path of the flux lines is shortened and then the magnetic flux density in the coil is increased. The coil inductance and inductive reactance increase dramatically when a highly permeable magnetic material is tested. However, if the frequency of the alternating current ͑ac͒ is high enough, the influence of eddy currents becomes predominant. The net effect is to decrease the inductance with increasing frequency. A zero crossing occurs when these two effects are in balance ͓Fig. 4͑a͔͒ ͑measurements were taken first with the probe in air, then with the probe in firm contact with the sample. The impedance difference is reported͒, and it provides a sensitive measure of the ratio / ͓Fig. 4͑b͔͒. If the conductivity is known, it accurately predicts the permeability for the uniform half-space model and single layer in air. Figure 5 shows the calculations of the change in the coil impedance when going from metal ͑steel͒ to air compared to the measured values. The theoretical calculations are for different values of initial permeability. The frequency at which the impedance crosses zero is proportional to the initial permeability. Table II contains the electrical conductivities and permeabilities of the layers and substrates we used. The conductivities were empirically determined and permeabilities were fitted from the swept-frequency measurements. Note that the permeability of the nickel layer and substrate have different values. This is because the nickel layers are rolled foils. The stress induced during the manufacturing will dramatically change the permeability.
Measurements were taken for a variety of samples, including layers of zinc, copper and nickel over steel, nickel, and copper substrates. Eight foil samples of pure nickel were prepared by stacking to different thickness ranging from 25 to 200 m. Copper foils of thickness ranging from 25 to 200 m were prepared in a similar fashion using copper 101.
Eight zinc foils were used ranging from 50 to 400 m. For most of the measurements we report here, these foils were placed in contact with a given substrate and the probe was then placed upon the foil.
IV. RESULTS AND DISCUSSION
The coating thickness estimated from the experimental data is reported in this section. Three combinations of foil and substrate metals were studied: zinc, nickel, and copper foils over steel, copper, and nickel substrates. For most of the cases studied, experiment and theory agree fairly well, within 10% ͑see Table III͒ , with no adjustable parameters.
Some selected measurements were compared with the theoretical calculations. Figure 6͑a͒ shows the case for nonmagnetic coatings on magnetic base metals using the SFEC method. The L-probe was used in these measurements. We compared theory and experiment for frequency-domain eddy current measurements of zinc foils of different thickness ͑50-400 m͒ on a steel alloy substrate. The real parts of the impedance change indicate good agreement between theory and experiment for the specimens measured. Over the range of frequency for which ⌬Z was measured, the maximum disagreement was about 10%. Figure 6͑b͒ shows the case for magnetic coatings on nonmagnetic base metals ͑nickel foils on copper substrate͒ using the same EC method. The maximum disagreement in this case was about 14%. When we compare the signals in Figs. 6͑a͒ and 6͑b͒ , the most apparent differences are the opposite features in the two situations. For nonmagnetic materials, as was discussed in the Appendix of Moulder's paper, 1 there is at least one nonzero frequency at which the resistive component of the impedance change, ⌬R, goes to zero, i.e., there is some frequency such that a layered sample and the reference dissipate the same power. For magnetic metals, however, the occurrence of zero in the impedance change is due to a more complex interaction between the induced eddy currents and the characteristics of the materials. This comes from the competition of two factors: ͑1͒ the effect of conductivity, and ͑2͒ the effect of permeability. If we assume that the layer and the substrate have identical permeability, then the situation is the same as the nonmagnetic materials case discussed in the work of Moulder et al. 1 The impedance change trend depends on the conductivity of the layer and the substrate. If the layer has a higher conductivity than the substrate ͑e.g., Cu on Al7075͒, the signal will start from zero and reach the positive maximum, then return to the negative. A zero occurs for some intermediate frequencies as shown in Fig. 7͑a͒ . Figure 7͑b͒ shows the inverse situation of 7͑a͒, a lower conductivity layer on a higher conductivity substrate ͑i.e., Zn on Al7075͒. The signal will start from zero and reach the negative maximum, then return to the positive. A zero occurs between the low-and high-frequency limits.
If we assume that the layer and the substrate have identical conductivity, as has been discussed in Sec. III, the permeability will increase the magnetic flux in the metals. The net effect on the impedance change then depends on both the permeability and eddy currents, since the distribution of eddy currents in the metals is a function of the frequency. We examine and discuss the impedance change based on possible combinations of permeability in frequency domain. As shown in Fig. 7͑c͒ , a higher permeability layer ( r ϭ320) on a lower permeability substrate ( r ϭ180). Here we assume that the metals are nickel, with same conductivity (14.6 ϫ10 6 S/m͒ but different permeability. The signal (⌬R) starts from zero and reaches the negative maximum, then returns to the positive. This curve is actually opposite to the conductivity effect as shown in Fig. 7͑a͒ . Figure 7͑d͒ shows the situation inverse to Fig. 7͑c͒ , a lower permeability layer ( r ϭ180) on a higher permeability substrate ( r ϭ320). Again, this curve is opposite to the conductivity effect as shown in Fig. 7͑b͒ and it is also opposite to Fig. 7͑c͒ .
If we take an overview of the signals in Figs. 6 and 7, as in the nonmagnetic cases, when the coating thickness approaches zero, the zero-crossing frequency will become infinite. In other words, a thicker coating has a lower zerocrossing frequency. This phenomenon can be explained from the point of view of energy dissipation discussed above. The power dissipates in the layered sample and the reference substrate balances at a higher frequency for thinner coating. So the zero crossing shifts to higher frequency when the coating becomes thinner. Based on the characteristics of the signals, we can find that the features in these signals are the peakheight ͑a characteristic relative maximum͒, the peakfrequency ͑frequency that peak-height occurs͒, and the zerocrossing frequency. We can examine the coating based on these features. Figure 8 shows the coating thickness estimation using the SFEC method. We assumed that the conductivities of the metals are known and that the permeability of the steel was measured in a separate experiment. Figure 8͑a͒ compares the calculated and measured zero-crossing frequency for a series of zinc foils of varying thickness on a steel substrate. Figure  8͑b͒ shows the inferred thickness of zinc foils compared to actual thickness. Thickness was determined from the zerocrossing frequency in the real part of impedance change between a specimen with a layer and the substrate alone using the theoretical prediction of the relationship between the zero-crossing frequency and thickness. No calibration or fitting factors were used. Two more examples that show the coating characterization using the same method are shown in Fig. 9 for nickel foils on a copper base and copper foils on a nickel base. As shown, the inferred thickness is very close to the actual thickness for both cases. Table III summarizes the actual thickness and estimated thickness from the comparison of measured and calculated data for the three cases.
As evidenced from the results, we have developed a measurement technique for determining the thickness, conductivity and permeability of metallic coatings on metal substrates for the case when the coating, metal, or both are magnetic. When using this technique to examine the thickness or conductivity of the coatings, we must know the permeability of the metals a priori. If the conductivity of the base metal is known, then we may use the feature-based inversion methods developed by Moulder 1 to simultaneously infer the thickness and conductivity of the coating. However, we showed in this work that it is relatively easy to infer the layer thickness if its conductivity is known and vice versa. One challenge that must be conquered is to determine the thickness, conductivity, and permeability of the coating simultaneously. One must find more features in the SFEC signals that can be used to infer these three unknown parameters at the same time.
The technique we developed can be quite accurate and is sensitive to very thin coatings, on the order of several microns. In our other works, [8] [9] [10] we discovered that the broadband behavior of eddy current coils in proximity to ferromagnetic surfaces ͑nickel and iron͒ depends dramatically upon very thin surface layers. For nickel, we found a ϳ20 m thick oxidized layer at the surface that reduced the apparent relative magnetic permeability substantially. Conversely, this extreme sensitivity to surface conditions means that measurement methods can be devised that will be sensitive to very thin surface coatings, on the order of a few microns thick or less. This work paves the way for developing a new, quantitative method to characterize surface layers on ferrous materials, such as depth of case hardening.
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